A better understanding and prediction of the impact of changing climate on tree stem growth could greatly benefit from the combination of anatomical and ecophysiological knowledge, yet the majority of studies focus on one research field only. We propose an approach that combines the method of pinning (cambial wounding) to timestamp anatomical X-ray computed microtomography images with continuous measurements of sap flow and stem diameter variations. By pinning the cambium of well-watered and drought-treated young African tropical trees of the species Maesopsis eminii Engl. we could quantify wood formation during a specific period of time and relate it to tree physiology and prevailing microclimate. Integrating continuous plant measurements and highfrequency pinning proved very useful to visualize and quantify the effects on stem growth of drought in M. eminii. Wood formation completely stopped during drought, and was associated with a strong shrinkage in stem diameter. Next, an unexpected increase in stem diameter was observed during drought, probably caused by root pressure, but not accompanied by wood formation. Our proposed approach of combining continuous plant measurements with cambial pinning is very promising to relate ecophysiology to stem anatomy and to understand the mechanisms underlying tree stem growth and bridge the gaps between the two research fields.
Introduction
Wood formation unfolds itself at the interplay of tree water relations and carbon metabolism (Lockhart 1965 , Daudet et al. 2005 , Deslauriers et al. 2014 . It is at this interface that an improved mechanistic knowledge is required if we aspire to better predict how our future forests will cope with a warming and changing climate, and what the impact will be on carbon sequestration (Alley et al. 2007 , Pachauri et al. 2014 , Teskey et al. 2015 . Forests have a climate buffering and regulating function, and mitigate global warming with their low surface albedo and their contribution to the hydrological cycle (Bonan 2008) . Tropical forests in particular play a crucial role in global cycles, yet, they are underrepresented when it comes to scientific research (Williams et al. 2007 , Fisher et al. 2013 , Zuidema et al. 2013 . Observations show that trees and forests are responding to climate change and hotter droughts (Allen et al. 2010 , Lindner et al. 2010 , Teskey et al. 2015 . The fundamental processes and interactions of water and carbon in plants during drought or temperature stress leading to tree death are, however, still not fully understood (Anderegg et al. 2012 , Barigah et al. 2013 , Zeppel et al. 2013 , Hubeau and Steppe 2015 . Therefore, it is imperative for us to address important knowledge gaps about water-carbon interacframework. In this paper, we propose a method to unravel the tight link that exists between stem diameter variation and wood formation, and how these processes are influenced by tree water and carbon status, as recently suggested by Battipaglia et al. (2014) and Steppe et al. (2015) .
Many vital processes in plants are coordinated on a diel basis: in most plants internal water reserves are depleted during the day and refilled during the night, building up turgor in living tissues, stomata open in the light and close again in the dark, and photoassimilate concentrations increase inside the leaf until the afternoon and decline during the night when they are distributed throughout the plant (Herzog et al. 1995 , Goldstein et al. 1998 , Leuning et al. 2004 , Deslauriers et al. 2007 , De Schepper and Steppe 2010 . These processes, amongst others, coordinate the year-to-year formation of wood (or growth) in trees. Wood formation is hence strongly influenced by diel dynamics in environmental conditions such as water status, and nutrient and carbon availability (Arend and Fromm 2007) . However, the precise extent to which wood traits are influenced by tree physiological variables is still underexplored (Bryukhanova and Fonti 2012) . On one hand, continuous tree physiological measurements have clear timestamps, but are challenging when translating them to the longer-term ecological dynamics, whereas, on the other hand, wood anatomical samples incorporate tree growth information over decades to centuries, and can be seen as a tree history book, but lack detailed diel dynamic information.
Cambial wounding, also known as pinning, is a useful method to study wood formation and provides information about the cambial activity during a specific time period (Mariaux 1967 , Yoshimura et al. 1981 , Seo et al. 2007 , Dié et al. 2012 . Pinnings were initially applied by Mariaux (1967) in 1958 by making a cut in the bark, and have been refined since then by insertion of a thin needle into the outer stem in order to wound the cambium. This brings wood formation to a stop at the pinning canal (Schmitt et al. 2004) . In a constricted zone around this canal, the undamaged cambium remains active but forms diversified xylem (wound tissue) that can be microscopically distinguished from normal xylem (Schmitt et al. 2004) , allowing examination of the wood that is developed in a specific time window between two pinnings. This method can be applied with high temporal resolution, for example biweekly (Trouet et al. 2012) , but is mostly applied with low temporal resolution (Yoshimura et al. 1981 , Gričar et al. 2007 , Seo et al. 2007 ), and has not been directly linked with diel dynamics in physiological processes at a fine temporal scale.
In this paper, we combine diel tree physiological measurements of stem diameter variations and sap flow with anatomical wood formation by means of cambial wounding and highresolution X-ray computed microtomography (micro-CT) images, a technique that has clear proven potential in wood anatomical research (e.g., Van den Bulcke et al. 2009 ) and wood wounding research (De Mil et al. 2017 , Marañón-Jiménez et al. 2017 . The added value of these scans is manifold. First, samples can be scanned in wet conditions, on which measurements of the original (i.e., before-cutting) dimensions can be taken. A second scan can be made when samples are dried or conditioned, which allows resolution of wood anatomical structures and facilitates growth measurements. Second, the wounding response to pinning can be easily assessed and quantified, even in 3D. Third, scanning may be recommended for small study trees, on which frequent micro-coring might be too disruptive. Fourth, micro-CT is also considered the golden standard for cavitation research (Cochard et al. 2015) , meaning that potential, newly formed wood during a specific time period can be related to vulnerability to cavitation. Note however that, when scanning is performed at the end of the experiment, only bark size and characteristics at the time of harvesting can be measured, which is in contrast to micro-coring of wood samples on which the evolution of both bark and xylem can be studied (Rossi et al. 2006 , Dié et al. 2012 , Prislan et al. 2013 . Finally, with pinning, all measurements are taken on the same micro-CT slice image and identification of wood formation in a specific time frame (between pinnings) is simplified compared with using individual wood core samples.
We used a drought experiment to study the impact of soil water deficiency on tree growth at both the physiological and the anatomical scale. This unique combination of methods unveiled a strong correlation between the growth of cells and the underlying mechanisms and conditions, paving the way to better predict tree behaviour in changing environments. We chose Maesopsis eminii Engl. as study tree, as it is a widespread African tropical tree species (Epila et al. 2017b ). Because it is a fast-growing pioneer species, wood formation is expected to be fast and to respond swiftly to changing environmental conditions and constraints.
Materials and methods

Plant material and experimental design
Seeds from M. eminii Engl. trees were randomly picked in the Mabira forest (0°23.357′N, 33°0.344′E) in Uganda and transported to Ghent, Belgium. They were grown in 30-l containers in a greenhouse compartment with dimensions 6.4 m × 9.6 m × 4.75 m (width × length × height) of Ghent University, Belgium (50°59.58′N, 3°47.04′E). Containers were filled with a commercial potting mix of peat litter and black peat. Fourteen 1.5-year-old trees, equal in size, were selected (stem diameter measured 5 cm above the potting mix was~14 mm, and tree height was about 2 m), and randomly assigned to the drought treatment (n = 7) or the control treatment (n = 7). The measurement campaign started on day of year (DOY) 302 (29 October 2013) and initially all trees were irrigated by means of automatic drip irrigation, which supplied 400 ml per irrigation event at 9 a.m., 1 p.m. and 9 p.m. 
Microclimatic measurements
Photosynthetic active radiation (PAR) was measured above the top of the trees using a LI-190 S quantum sensor (Li-COR, Lincoln, NE, USA). Air relative humidity (RH) and temperature were measured mid height between the trees (Type EE08, E + E Elektronik Ges.M.B.H., Engerwitzdorf, Austria). Vapour pressure deficit (VPD) was calculated from air temperature and relative humidity as described by Allen et al. (1998) . Soil water potential (ψ soil ) was monitored with electronic tensiometers (type TT-1531 Tensiotrans, ceramic tube 1252-22 (steck-tensio keramik LK-GL), Bambach GbR, Tensio-Technik, Geisenheim, Germany) in the containers of three trees, which were equipped with plant sensors (see below).
Tree ecophysiological measurements
Sap flow was continuously measured with the heat balance method (SGA10, Dynamax Inc., Houston, TX, USA) at 20 cm above soil in two drought-treated trees (Trees 1 and 2) and one control tree (Tree 3). Stem diameter variations were measured on the same trees, 5 cm above soil, with linear variable displacement transducers (LVDT, type DF5.0, Solartron Metrology, Bognor Regis, UK). Because predawn sap flow was present but initially filtered out by the standard low-flow filter, ΔT (temperature increase in the sap) was changed from the default value of 0.7°C to 0.3°C. This way noise was still filtered out adequately, without removing low sap flow.
Wood measurements
Pinning, i.e., cambial wounding, was performed on three drought-treated and three control trees to examine in detail wood formation during a specific time period. In order to assess interference of potential collateral damage caused by pinning with sap flow or variations in stem diameter only one of the two sensor-equipped drought-treated trees was pinned. The sensorequipped control tree was also pinned. The pinning positions are illustrated in Figure 1 . The first pinning was performed on DOY 302 to mark the start of the experiment. At 1 m height, a needle with a thickness of 500 μm was inserted in the stem and immediately removed (1 upper ). This was repeated 10 cm below and 60°counter clockwise (1 lower ). The second series of pinnings were executed on the day that irrigation was switched off to start the drought treatment (DOY 324). The third series of pinnings coincided with the resumption of irrigation on DOY 338. All pinnings were marked with white correction fluid (Tipp-ex) and on these positions diameters were measured with a calliper (±0.05 mm) in the direction of the pinning at the time of pinning.
At the end of the experiment (DOY 63, year 2) all trees were cut, and the stem sections with pinnings sampled. Samples were immediately wrapped in low density polyethylene plastic to prevent dehydration and were scanned using Nanowood, a state-ofthe-art X-ray micro-CT scanner developed at UGCT at Ghent University, Belgium (Dierick et al. 2014 ). On these 'green' or wet samples, original (i.e., before-cutting) dimensions were measured. Because dry samples reveal more details of wood structure, the collected samples were conditioned at 20°C and 65% RH for 14 days and scanned again. Reconstruction was performed using Octopus, a tomography reconstruction package for parallel, helical and cone beam geometry (Vlassenbroeck et al. 2007 ) licensed by XRE (www.xre.be), resulting in an approximate voxel pitch ranging between samples from 3.5 to 15 μm. Further processing and visualizing of volumes was executed in the image processing package based on ImageJ, Fiji (Schindelin et al. 2012) . After checking image quality, five measurements per timestamp and per treatment were further used. After scanning, transverse microtome sections were made at the height of pinning with a sliding microtome (HM 440 E, MICROM Laborgeräte GmbH, Walldorf, Germany). Microphotographs were obtained from thin sections stained with astrablue and safranin.
The applicability of the pinning method was assessed for M. eminii on high-resolution (3.5 μm) scans by investigating the different wood tissues formed around the pinning (Figure 2a and b). Inspecting successive transverse sections and demarcating the clear inner border of modified tissue was used to locate the cambial initials at the time of pinning (see also Yoshimura et al. 1981) .
Pinning canals were located on the microphotographs and on the cross-sectional reconstructed X-ray micro-CT images of the wet and conditioned samples. Abnormal tissue around the wounding area was demarcated and examined in transverse, radial and tangential direction. Growth was determined by marking the following positions on the conditioned transversal micro-CT images: the centre of the sample (C), the inner border of the wound wood from pinning (P), the cambium at the height of pinning (Ca) and the exterior of the bark (Ba) (Figure 1b) . These positions could then be transferred to the reconstruction of the green samples, representing original dimensions. Wood formed prior to pinning could be determined by measuring the length (mm) between the centre of the sample and the inner boundary of the wound (CP). Xylem formed after pinning was measured from the wound wood boundary to the cambial ring (PCa). Innerbark radius on the green samples was measured between the centre and the cambium (CCa). To account for possible eccentric growth it is advisable to compare absolute lengths measured at different angles. Therefore, lengths are expressed relative to the total over bark radius (CB) (Eqs. (1)- (3)). When the same trends are found, absolute measurements can be used, but in case of strong eccentric growth (e.g., De Mil et al. 2017) it is best to take this into account by using relative lengths.
Scans represent the situation of wood formation at the time of harvest. Pinning enabled calculation back to the situation at the time of pinning. Outer-bark radii at the time of pinning were estimated using the measurements obtained from the micro-CT images of the green sample. As described above, inner-bark radius at the time of pinning was measured as the length between the centre of the stem and the inner boundary of the wound tissue (CP). Bark thickness was assumed to vary very little during the experimental time span of a few months. Therefore, outer-bark radius was determined as the sum of prepinning wood and final sample bark thickness (Figure 1c ).
Data analysis
Results are shown as mean values ± standard errors, with the number of individuals (n) used for the calculation mentioned. Ttests were used to analyse differences between treatments and significance P-values are shown, with a P-value threshold of 0.05 for significant differences.
Results
Microclimate
Photosynthetic active radiation (PAR) at crown height varied between 100 and 330 μmol m −2 s −1 during daytime, and VPD ranged between 0.5 and 1.5 kPa during daytime and between 0.4 and 0.7 kPa during nighttime. Soil water potential was −0.010 ± 0.004 MPa (n = 3) during well-watered conditions. In the pots of the drought-treated trees, ψ soil reached values as low as −0.08 MPa from the sixth day of drought (DOY 229). After rewatering, ψ soil increased and remained stable around −0.0030 ± 0.0005 MPa (n = 3) during the entire recovery period.
Wood features and measurements
Mechanical damage due to the hole in the wood was 1.5 mm in radial, 0.5 mm in tangential and 2 mm in longitudinal direction. This resulted in wound tissue of 1.5 mm in radial, 4.5 mm in tangential and 4.5 mm in longitudinal direction. Because the size of the cambial mark was sufficient to recognize wound tissue, and to define the location of cambial initials, but limited enough to expect no considerable influence on tree functioning, pinning could be successfully used to determine the period of wood formation during the experiment. Some pinning methods leave the needle or nail inside the tree until harvest (Trouet et al. 2012) , which provides an even clearer mark. This was however not possible in this case given that it could have interfered with stem diameter and sap flow measurements, and given the small diameter of the trees. X-ray micro-CT enabled scanning of both green and conditioned samples. To adequately link ecophysiology to wood anatomy, it is desirable to measure anatomical features on tissues that resemble as closely as possible the ones on which the ecophysiological processes were measured (i.e., green tissues). Unfortunately, measuring green samples is cumbersome with X-ray micro-CT due to loss of contrast and details (Steppe et al. 2004) (Figure 2 ). Therefore, wound tissue and Tree Physiology Online at http://www.treephys.oxfordjournals.org bark were defined once on the microphotographs obtained from stained thin cross-sections (Figure 2e) , and then the delineation was copied to the X-ray micro-CT images of the conditioned and the green samples (Figure 2c-e) . This way, green samples could be used to attribute wood formation to specific time periods (Figure 3 ). Samples shrunk during drying, resulting in a significantly reduced diameter (green samples were 18.7 ± 0.8 mm and dry samples 15.5 ± 0.8 mm, n = 17; paired t-test, P < 0.001, df = 16), and therefore they no longer represented the green sample dimensions. Shrinkage during conditioning mostly occurred in the living cells of the outer ring (bark) of the stem section. Bark shrinkage accounted for most of the stem shrinkage, representing 56 ± 6% (n = 9) of the total shrinkage for the drought-treated trees and 70 ± 10% (n = 8) for the control trees, respectively. Growth measurements were thus performed on the green samples (Tree 3 and 1 in Figure 3a and b; averages in Figure 3c and d). For each stem cross-section four growth steps were distinguished (Figure 3c and d) . Wood formed before the start of the experiment (I, prior to first pinning), wood formed during DOY 302-324 (II, between pinning 1 and 2), wood formed during the period when drought-treated trees received no water (III, between pinning 2 and 3) and wood formed after the drought period (IV, after the third pinning). Drought-treated trees showed no growth during the drought period ( Figure 3d , III), whereas control trees formed wood between and after the three pinnings (Figure 3d , I, II, III and IV). Absolute bark thickness was smaller in trees subjected to drought than in control trees (1.12 ± 0.07 mm (n = 15) and 1.8 ± 0.1 mm (n = 15), respectively; two-sample t-test, P < 0.001, df = 28) (Figure 3c ). Before drought, all trees grew in a similar way, as wood formed during growth step I (before the first pinning) was nearly equal in the control and drought-treated trees (Figure 3d, I ). At the end of the experiment, stem radii at the position of pinnings of all drought-treated trees were on average 3 mm smaller than those of the control ones (total stacks in Figure 3c ). To take into account imperfect concentricity and circularity, relative lengths were calculated with Eqs.
(1)-(3) but showed the same trends, and therefore absolute lengths were used for further analysis.
Stem diameter variations and sap flow
Stem growth was monitored with LVDTs ( Figure 4a ). At the start of the drought treatment (DOY 324), average stem diameter of control and drought-stressed trees were nearly equal (17.8 ± 0.2 mm (n = 3)), and growth rates were similar up until drought was imposed (0.08 ± 0.02 mm day −1 (n = 2, 22 days) for trees from drought treatment and 0.06 ± 0.01 mm day −1 (n = 1, 22 days) for the control; two-sample t-test, P > 0.05, df = 64) ( Figure 4a ). Following drought stress, stem diameter of the treated trees rapidly decreased (DOY 324-326) whereas the control tree maintained its earlier growth rate, and reached a final stem diameter of 29.8 mm (which corresponds to an increment of 14.6 mm in Figure 4a ). Although no water was supplied, stem diameter stopped shrinking on DOY 326, and showed an unexpected positive net increase during drought. A second period of shrinkage was observed from DOY 332 up to the moment of rewatering (DOY 337). After a fast increase (DOY 338-339) due to rewatering, stem diameters stagnated for about 2 months despite sufficient supply of water. Clear diel dynamics, i.e., diameter contraction and expansion, only returned~60 days after rewatering (Figure 4a ). Prior to drought, there was a tree-specific difference in mean total daily sap flow between the drought-treated and control trees (1057 ± 23 g day −1 (n = 2, 22 days) and 1264 ± 23 g day −1
(n = 1, 22 days), respectively; two-sample t-test, P < 0.001, df = 64) (Figure 4b and c). During drought, sap flow rapidly decreased and approached zero in both Tree 1 and 2 ( Figure  4b ). After rewatering (DOY 338), a small increase in sap flow in Tree 1 occurred during a couple of days, resetting to zero again to then slowly recover. Tree 2 only resumed sap flow during the last days of the experiment. Figure 5 shows the evolution in sap flow pattern for Tree 1 before and during drought and for control Tree 3. Before drought, a typical diel sap flow pattern was detected with a considerable amount of predawn sap flow (7.0 ± 0.6 g h −1 measured during the 4 days before drought, n = 11; Figure 5a ). On the second day of drought, predawn and morning sap flow was hardly affected by the drier soil, but the afternoon sap flow more rapidly decreased (Figure 5b) . From the third drought-day onwards, sap flow was strongly reduced with only low predawn and morning values (Figure 5c ). During the final days of drought, sap flow had come to a complete halt (Figure 5d ). The control tree showed constant patterns of diel Roman numbers indicate the number of the growth step: wood formed before the start of the experiment (I, prior to the first pinning), wood formed during the first month of the experiment (II, between pinning 1 and 2), wood formed during the period when the drought-treated trees received no water (III, between pinning 2 and 3) and wood formed after the drought period (IV, after the third pinning). Error bars represent standard errors with n = 5.
Tree Physiology Online at http://www.treephys.oxfordjournals.org sap flow (Figure 5e -h), but had no predawn sap flow during DOY 336-337 (Figure 5h ). Shortly after sap flow had stopped in the drought-treated trees, leaves were shed on DOY 338, a response that was also observed in M. eminni by Epila et al. (2017a) . Growth of new buds was observed only a few days after rewatering, but this was not accompanied by changes in stem diameter (Figure 4a ).
Discussion
Pinning gives a high temporal resolution to wood formation
Since no literature was found on M. eminii's wound formation after pinning, we first examined cambial wounding with X-ray micro-CT in three dimensions. In general, cambial pinning induces immediate mechanical damage, and locally disrupts normal cambial activity. This is followed by a series of defence and wound healing processes such as compartmentalization of decay and formation of callus tissue (Arbellay et al. 2012) . Then wound wood is formed, differing from normal wood by a lower number of vessels and rays, as reported earlier by Hartig et al. (1894) and Shigo (1989) . We observed a demarcated amount of morphologically modified wood in M. eminii in response to cambial wounding with a fine needle. Mechanical and morphological damage was confined to a restricted relatively small volume, indicating that pinning was effective to quantify growth dynamics in M. eminii without influencing nearby physiological features or their measurements. Absolute bark thickness was larger in control trees ( Figure  3c ), which indicates that they had more living phloem tissue than drought-treated trees at the end of the experiment, and hence a larger water storage capacity. This can also be observed in the stem diameter variations of the control tree, which showed larger fluctuations (Figure 4a ), reflecting radial water exchange between bark and xylem . In contrast, stem diameters of drought-treated trees hardly fluctuated, probably because internal water storage pools were depleted and no more bark growth occurred.
In a period as short as 2 weeks, we were able to measure wood formation in the control trees (0.65 ± 0.08 mm (n = 5), growth step III in Figure 3d ). This points to the unique opportunity of high-frequency pinning experiments to investigate growth dynamics in living trees, almost non-invasively. In droughttreated trees, no difference between the second and third pinning was found, indicating no wood formation during drought (III on Figure 3c and d) . Also, hardly any wood was formed after the third pinning, indicating that there was almost no wood formation Figure 4 . Ecophysiological measurements in control and drought-treated Maesopsis eminii trees. (a) Stem diameter variation of the control tree (Tree 3) and two drought-treated trees (Tree 1 and 2) and total daily sap flow of (b) the drought-treated trees and (c) the control tree. Tree 3 had a total stem diameter increment of 14.6 mm at the end of the experiment (DOY 55). Arrows indicate the date of pinning: 1, start of the experiment (DOY 302); 2, irrigation switched off (DOY 324); 3, irrigation switched on again (DOY 338). Grey area is the period during which irrigation was switched off.
Tree Physiology Volume 38, 2018 during recovery (IV on Figure 3c and d). The latter corresponds with the absence of stem diameter variations during this period, which indicates depleted internal water storage, hampering wood formation (Lockhart 1965 .
Wood formation linked to stem diameter variations and tree water use
When inspecting the sensor-equipped Tree 1 that was also pinned, a clear relationship could be established between the ecophysiological measurements of sap flow and stem diameter variation, and the anatomical analysis. On the scans, a small amount of wood could be observed grown after the third pinning (green bar at pinning 3, Figure 3b ), which corresponded with the net positive stem diameter variation measured during the last 2 weeks before harvest (DOY 44-56, Figure 4a ). This points to the necessity of both ecophysiological and anatomical approaches when we aspire to link structure to function during growth. Whereas a posteriori wood analysis informed us about which wood (location, dimension, functional traits) was formed during recovery, information on when this occurred was limited (i.e., somewhere within the 2 months after the last pinning). By adding the ecophysiological measurements, we could not only quantify, based on stem diameter variations (Figure 4a ), that this wood was formed only during the last 2 weeks of the experiment, it also provided insight into the plant-environment relations leading to this growth (e.g., sap flow and microclimate).
This shows that high-frequency pinning combined with stem diameter variation and sap flow measurements can be used as a very precise tool to quantify which wood is formed in which time window and under which environmental conditions. An intriguing application could be to determine if vessels with other characteristics are formed during recovery from drought and if, or after which period, trees resume their pre-drought dimensioning of vessels and cells. With the combination of cambial pinning and measurements of sap flow and stem diameter variations, it becomes possible to compare a variety of consecutive environmental conditions in order to comprehend species-specific wood formation. Better understanding of the response of wood formation to external factors will enable us to better understand how the resilience of trees will evolve toward future conditions. Will a tree species be able to tackle drought stress by forming smaller and safer xylem vessels or will it succumb because it does not alter its wood formation? Will a tree species be able to Tree Physiology Online at http://www.treephys.oxfordjournals.org attune its capacity to store water in living (bark) cells to the drought period it needs to survive? Disentangling these functionalities will not only improve our mechanistic understanding of tree growth, but also our understanding of a forest's tree distribution and the impact of climate change on biodiversity, and it will enable us to predict wood quality of timber species and to select the preferred species or varieties to optimize wood production.
Unexpected drought response points to the importance of putative root pressure
Another eye-catching result of this study is the unexpected pattern in stem diameter variation during drought (Figure 4a ). No wood formation was measured between the onset and end of drought (Figure 3, growth step II) , and a typical shrinkage in diameter is expected to occur (Zweifel et al. 2001 , Gallardo et al. 2006 , Saveyn et al. 2007 , De Swaef et al. 2009 , Nalevanková et al. 2013 ). Yet, in this study, after the expected sharp decrease in stem diameter, which was attributed to a depletion in internally stored water , an unexpected increase (DOY 227-332) was observed, while no water was supplied. Also during drought, sap began to flow before dawn (typically around 3 a.m., Figure 5c ) while not being accompanied by a shrinkage in stem diameter, which suggests the ability of M. eminii to build up osmotic pressure in its root system related to root pressure (De Swaef et al. 2013) . Also Epila et al. (2017b) recorded nocturnal sap flow in M. eminii grown outdoors in Uganda, indicating that this might be a species-specific trait. The presumed ability of M. eminii to produce root pressure suggests water uptake through the roots during the final hours of the night. During the drought treatment, a small amount of stagnant water was left in the draining gutters of the table on which the plant pots were positioned. Because no pot saucers were used, small roots of the drought-treated trees escaped their pots and driven by root hydrotropism made contact with this water (Eapen et al. 2005 , Cassab et al. 2013 . Roots most likely took up this water by root pressure, causing radial water flow into the stem water storage tissue, which explains the unexpected increase in stem diameter variation (DOY 327-329 in Tree 1 and DOY 329-333 in Tree 2). A prerequisite for radial water flow to cause such increase in stem diameter is to have adequate stem water storage tissue, which was derived as bark thickness from the micro-CT scans ( Figure  3) . Furthermore, Epila et al. (2017a) showed that M. eminii's bark has a very important water buffering function to protect the tree from drought. Hence, the substantial layer of living bark cells (anatomy), its function as water buffer (stem diameter variation response) and the rapid bud formation in the study trees coinciding with the resumption of sap flow (Figure 4b ) indicate that M. eminii stores important amounts of reserves (water and nonstructural carbohydrates; O'Brien et al. 2014) in the bark, which enabled its recovery from drought. Zuidema et al. (2013) proposed dendrochronological tree-ring analyses as one of the cornerstones to better understand tropical forests and their response to climate change. However, M. eminii, like many other tropical tree species, does not form distinct annual growth rings, which severely complicates dendrochronological studies (Mariaux 1967 , Stahle 1999 , Dié et al. 2012 , Trouet et al. 2012 , Zuidema et al. 2013 , Epila et al. 2017b ). Cambial pinning resolves many of the issues encountered in trees not forming annual rings, because a wood mark can be established on a chosen moment, making it possible to determine periods and lengths of cambial activity (Trouet et al. 2012) . This facilitates research about what kind of wood is formed during which period and under which conditions. When combined with sap flow and stem diameter variations additional information can be extracted as was done in this study. Such information can be used to assess, for instance, changing effects and stress of consecutive droughts. One could imagine a scenario where a first drought episode does not considerably affect a tree's growth because internal water reserves are still adequate, but a second drought episode occurring when internal water or carbon reserves are not replenished could cause irreversible stress symptoms or eventually tree death. This might not be observable from microclimatic or soil data, but can be apparent from halted sap flow, an overall decrease in stem diameter or a reduction in diel stem diameter fluctuations. Sap flow and stem diameter variation measurements combined with cambial pinning can provide a nearly perfect picture of which wood cells were formed under which microclimatic, soil water and tree water conditions. This will not only shed new light on wood formation in the current climate, but can also be used to put historical tree wood records into a new perspective. More integrative approaches are needed to acquire a highly detailed data and knowledge base.
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